Meiotic analysis of the interspecific and intergeneric hybrids between
INTRODUCTION
Hystrix Moench is a small genus of the tribe Triticeae (Poaceae). As early as 1790, Asperella Humboldt was established, with A. hystrix (L.) Humb. as the type. However, the name Asperella was considered to be merely an orthographic variant of Asprella Schreb. (1788), which is itself a synonym of Leersia Soland ex Swartz in Oryzeae (Poaceae). Moench (1794) established the genus Hystrix through its distinctive morphological character of a lack of glumes, or long setaceous awn-shaped glumes if present. Since then, about 11 species have been included in Hystrix (Hitchcock, 1951; Bor, 1960; Tzvelev, 1976; Kuo, 1987; Osada, 1993) . Baden, Frederiksen & Seberg (1997) revised the genus, with six species, one of which is divided into three subspecies. All of them are tetraploids (2 n = 4 x = 28) except H. californica , which is an octoploid (2 n = 8 x = 56). The natural distribution of Hystrix is disjunct, with two species in North America ( H. patula and H. californica ) and the remainder in Central and Eastern Asia (Löve, 1984) . The definition of the genus and its precise taxonomic rank are still under discussion today. Some authors include the species in either Hystrix (Sakamoto, 1973; Kuo, 1987; Baden et al ., 1997) or Asperella (Keng, 1959; Baum, 1983; Ohwi, 1984; Koyama, 1987) , or regard it as a part of Elymus (Dewey, 1982; Löve, 1984) or Leymus (Jensen & Wang, 1997) .
Hystrix patula Moench, the type species of Hystrix , is a relatively vigorous grass with broadly lanceolate leaves, reduced glumes, and spikelets which spread horizontally at maturity. It is an uncommon species from eastern North America and can very easily be distinguished morphologically from the other grasses there (Dewey, 1982) . The taxonomic history of H. patula has been of many changes since it was first described as Elymus hystrix L. by Linnaeus (1753 (Moench) Lunell in 1915 (Löve, 1984 .
Cytologically, Church (1967a, b) reported that H. patula has a close affinity to species of the Elymus canadensis complex, and treated H. patula as E. hystrix L. Consequently, Dewey (1982) and Löve (1984) recognized the genus Hystrix as a section of Elymus . However, Jensen & Wang (1997) reported that two species of Hystrix , H. coreana and H. californica , share the genome of Leymus (NsXm), and transferred H. coreana from Hystrix to Leymus. Basing their conclusions on hybridization, morphology, cytology, fertility, and distribution, Zhou et al. (1999) reported that H. duthiei and H. longearistata were a single species, treating H. longearistata as a subspecies of H. duthiei, H. duthiei ssp. longearistata. Zhang et al. (2002) reported that H. duthiei ssp. longearistata has one set of the Ns genome from the genus Psathyrostachys.
In order to investigate the genome homology between H. patula and the other species of Hystrix, as well as the relationships of H. patula and its related species to other genera of Triticeae, interspecific and intergeneric hybridizations were carried out between H. patula and other species of Hystrix, Pseudoroegneria (St), Hordeum (H), Elymus (StH), Roegneria (StY), Psathyrostachys (Ns), and Leymus (NsXm). Chromosome pairing behaviour at meiosis and the fertility of the parents and their F 1 hybrids were observed in the study.
MATERIAL AND METHODS
The plants used in this study are listed in Table 1 . The accessions with Plant Introduction (PI) numbers were kindly supplied by the American National Plant Germplasm System (Pullman, Washington, USA), and H. duthiei ssp. longearistata was kindly provided by Dr S. Sakamoto (Kyoto University, Japan). The other specimens were collected by the authors of this paper. Voucher specimens have been deposited at the Herbarium of the Triticeae Research Institute, Sichuan Agricultural University, China (SAUTI).
The procedures of hybridization, fixation, and staining of cytological material and meiotic preparation followed Zhang et al. (2002) . Chromosome pairing at metaphase I (MI) was observed in at least 50 cells of each plant, and the mean pairing frequency (c value, the mean frequency with which two related chromosome arms pair) was calculated according to Alonso & Kimber (1981) . When the mean c value exceeded 0.50, the two genomes in the hybrids were given the same basic symbol (Wang, 1992) . Microphotographs were taken from permanent preparations of meiosis using an Olympus BX-51 camera system. Pollen grains from mature anthers were stained in an I 2 -KI solution for pollen fertility study.
RESULTS

SYNTHESIS AND DEVELOPMENT OF THE HYBRIDS
Hystrix patula was crossed with species of different genera, including H. duthiei ssp. longearistata (Ns-), (NsXm) . With the exception of the crosses with Hordeum bogdanii (2n = 2x = 14), Hordeum chilense (2n = 2x = 14), Hordeum brevisubulatum (2n = 4x = 28), and Leymus multicaulis, all the crosses produced seeds without the aid of embryo rescue and resulted in mature hybrid plants. The results of the hybridizations are shown in Table 2 .
The F 1 plants grew normally until maturity and were morphologically intermediate between their parental species. Their pollen grains were shrivelled and could not be stained in I 2 -KI solution. No seeds were produced by any of the hybrids under openpollinated conditions.
MEIOSIS OF PARENTAL SPECIES AND THE HYBRIDS
The meiotic configurations of the parental species and the hybrids are listed in Table 3 . Meiosis of the parental species was quite regular, with seven bivalents in diploid species and 14 in the tetraploids.
In the interspecific hybrid H. patula × H. duthiei ssp. longearistata, many univalents were observed at MI, with an average of 25.36 per cell; 58% of the cells formed 28 univalents (Fig. 1) . The number of bivalents was quite low, with an average of 1.32 per cell. No trivalents or quadrivalents were observed.
Meiotic pairing in the two triploid hybrids H. patula × Pseudoroegneria spicata (St) and H. patula × Pse. libanotica (St) was comparatively high, with average values of 6.53 and 5.62 bivalents per cell and c values of 0.83 and 0.50, respectively (Figs 2, 4). Complete pairing (7 II + 7 I) was observed in 46% and 19% of the cells in these two hybrids (Figs 3, 5) . A low frequency of trivalents was found in both combinations (Fig. 6 ).
In the Elymus sibiricus (StH) × H. patula hybrid, an average of 10.08 bivalents per cell was observed at MI with a c value of 0.57 (Fig. 7) . In H. patula × E. wawawaiensis (StH), meiotic pairing was quite regular with an average of 12.83 bivalents per cell and a c value of 0.83 (Fig. 8) . Fourteen bivalents were observed in 32% of the MI cells (Fig. 9) . A low frequency of trivalents and quadrivalents was observed in both of the tetraploid hybrids.
Chromosome pairing in the tetraploid hybrids Roegneria ciliaris (StY) × H. patula and H. patula × R. grandis (StY) was quite low, with average values of 3.57 and 3.98 bivalents per cell and c values of 0.17 and 0.18, respectively (Figs 10, 11) . A low frequency of trivalents was also observed in both hybrids.
In the hybrid H. patula × Psathyrostachys huashanica (Ns h ), meiotic pairing was characterized by a large number of univalents, with an average of 20.43 per cell (Fig. 12) . A low frequency of bivalents was scored, with an average of 0.29 per cell.
DISCUSSION
Hystrix patula can be distinguished morphologically from the other perennial species in Triticeae by its reduced glumes and spikelets, which spread horizontally at maturity. Although H. patula was recognized as one of the six species of Elymus L. by Linnaeus as early as 1753, its taxonomy has seen many name changes, with its inclusion in several genera (see 'Introduction'). Few intergeneric hybrids involving H. patula have been produced (Church, 1967a, b) . In this study, when H. patula was crossed with the diploid species Pse. spicata and Pse. libanotica, average (Dewey, 1984) . Elymus L. is the largest genus in the tribe Triticeae, with approximately 150 perennial species comprising nearly one-third of the total number in the tribe. Six genera with different genomic constitutions, Elymus (StH), Roegneria (StY), Hystrix (StH), Kengyilia (StYP), Douglasdeweya (StP), and Australoroegneria (StYW), have been included in the genus Elymus s.l. (Keng, 1959; Dewey, 1984; Löve, 1984; Yen & Yang, 1990; Torabinejard & Mueller, 1993; Baden et al., 1997; Zhou et al., 2000; Yen, Yang & Baum, 2005) . The type species is E. sibiricus L. containing the St and H genomes. In this study, when H. patula was crossed with E. sibiricus and E. wawawaiensis, a relatively high frequency of bivalents was formed at MI, with average values of 10.08 and 12.83 per cell, respectively, indicating that there is considerable chromosome homology between the genomes of H. patula and those of the two Elymus species. The ability to form 14 bivalents and the high c value of 0.83 in the hybrid H. patula × E. wawawaiensis demonstrate that these two species share the same basic genome, StH. However, the meiotic pairing ability in the hybrid E. sibiricus × H. patula (c value, 0.57) was lower than that in H. patula × E. wawawaiensis (c value, 0.83), suggesting that a pattern of differentiation exists between the genomes of H. patula and E. wawawaiensis and H. patula and E. sibiricus. The reason might be attributed to the different geographical distribution of these species. E. sibiricus used in this study comes from China, whereas H. patula and E. wawawaiensis occur in the USA. This result supports a previous report suggesting that the StH genomes of Elymus have diverged amongst the tetraploid species in relation to the geographical separation of the species, especially between the Asiatic and American species (Lu, 1994) .
In the crosses Roegneria ciliaris × H. patula and H. patula × R. grandis, chromosome pairing was relatively low, with average values of 3.57 and 3.98 bivalents per cell, respectively, indicating that a lower genome homology exists between the genomes of H. patula and the StY genomes of Roegneria. The bivalents in these hybrids could result from the pairing of the St genome common to the parents, although some might originate from homologous chromosome associations between the St and Y genomes. Lu & von Bothmer (1989) (Dewey, 1984) . According to the present cytological data and the geographical distribution, it is reasonable to recognize Roegneria as a valid genus. Jensen & Wang (1997) reported that H. coreana and H. californica had the NsXm genomes from the genus Leymus and combined them into Leymus. Zhang et al. (2002) 
